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The bacterial quinol oxidase, cytochrome o, is an enzyme which is highly analogous to the better known cytochromc  oxidase. cytochrome IICI~, 
but with the important diffcrencc that it lacks the near infra-red absorbing pigment Cu,+ In this article vvc report an absorption band in the near 
IR spectrum of cytochrome LJ with a maximal absorption at 758 nm, and which is attributable to the ferrous high-spin kacm. The 758 nm band 
has an extinction coefficient of O&O.3 mM-‘*cm-’ at 758-800 run. This region in cytachromc utij is dominated by the Cu, absorption. The 758 
nm absorption is lost on addition of CO or cyanide to the reduced enzyme. The carbon monoxide compound of cytochrome o also has absorbance 
bands in the ncar infra-red. and thcsc may bc attributable to a low-spin ferrous hacm compound. 
Cytochrome o; Quinol oxidase; Oxygen reduction; Respiratory chain; Oxidativc phosphorylation; Eschrric/~iu coli 
1. INTRODUCTION 
Cytochrome o is a membrane-bound terminal-respi- 
ratory oxidase, one of two which Esclterich’a coli can 
synthesize. The other, expressed predominantly under 
conditions of low oxygen tension, is cytochrome bd. 
Cytochrome o is comprised of four subunits and con- 
tains a low-spin and a high-spin iron-haem and a copper 
centre (Cu,) as prosthetic groups (all located in subunit 
I). The latter two form a binuclcar (Fe--C@ site which 
is the catalytic core of the oxygen reduction reaction. 
Although widely spread and probably the most domi- 
nant respiratory O? reductase in nature, cytochrome o 
is much less studied than the cytochrome c oxidase, 
cytochrome aaJ [ 1,2]. Nonetheless, the two enzymes are 
closely related which makes the cytochrome o a system 
worthy of study for reasons beyond its own intrinsic 
interest. Cytochrome o is similar to cytochrome aaj in 
terms of: (i) sequence homology of subunit 1[3] (ii) some 
sequence homology/similarity in subunit 11 but lacking 
the putative Cu, binding region of cytochrome aad [3], 
(iii) the presence of a copper-haem interaction forming 
the binucleat OZ reducing site [4,5], (iv) haem-haem 
interactions, between the high- and low-spin haems 
which result in spectral and rcdox effects [4,51, (v) the 
alignment of tile haems with respect o the cytoplasmic 
membrane [6,7], (vi) vectorial transmembrane proton 
pumping during turnover [S], and (vii) reactions of the 
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binuclear centre with exogenous ligands [9,10]. The two 
enzymes differ in the lack of the Cu, site in cytochrome 
o, a deficiency established by metal analysis, prelimi- 
nary EXAFS studies [l 11, optical spectra [l 11, electron 
paramagnetic resonance studies [5,6] and sequence con- 
siderations [3]. This difference is important because the 
near IR spectrum of cytochromc o is free from the large 
broad absorption of CuA which dominates in cyto- 
chrome uaJ and it is in this region in which we report 
the existence and preliminary characterization of an ab- 
sorption band attributable to ferrous high-spin haem. 
The reason for the lack of Cu, in cytochrome o most 
logically stems from it being a quinol oxidase as op- 
posed to a cytochrome coxidase, and thus not requiring 
a more hydrophilic electron pathway. A more visibly 
striking but probably minor functional difference be- 
tween the two enzymes is the colour of the isolated 
enzyme, red instead of green. This results from the dif- 
ferent haem types. Cytochrome o contains protopor- 
phyrin IX derived haems, at least one of which has 
a hydrophobic 17-carbon hydroxyethylfarnesyl side 
chain, making it structurally very similar to the A-type 
haems of cytochrome aa but differing in having a 
methyl substituent on the porphyrin ring instead of 
formyl [9]. 
The near IR spectra of haemoproteins contain much 
spectral information, albeit with low extinction [12]. 
There have been several experimental and theoretical 
analyses of haem near IR spectra [13]. Published work 
on haemoglobin and myoglobin near IR spectra can 
serve as a preliminary reference for the interpretation of 
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the near IR spectra of cytochrome o. Near IR absorp- 
tion bands similar to that reported herein. around 760 
nm, have been extensively studied in myoglobin and 
hacmoglobin. l’he absorption is well characterized and 
is assigned to a charge transfer between the porphyrin 
and the iron [12,14]. This band has been denoted band 
111 and is expected to be very sensitive to the ligand field 
at the iron. Iizuka et al. [ 151 called this band the ‘confor- 
mation band’ because of its sensitivity co structure at the 
haem site, For haemoglobins and oxidases the ligand 
field parameters are connected to the haem pocket ge- 
ometry via the Fe-proximal histidine bond. Thus this 
absorption can provide in oxidascs, (as it has in haemo- 
gtobins) a sensitive indicator of alterations in the haem 
pocket structure. 
2. MATERIALS AND METHODS 
Cytochrome o was isolated and purified from E. co/i RGI45. a 
strain with amplified expression of cytochrome o and unable to ex- 
press the other quinol oxidase, cytochrome brl [ 161, Cells were grown 
and harvested, and membrane fragments were prepared, as previously 
described [5]. The cytochromc was solubikcd by octyl-glucoside and 
purified according to a protocol developed in the laboratory of Prof. 
R.U. Gennis (personal communication). based on the method of Mat- 
sushita et al. 1171. 
Optically monitored rcdox potentiomctry wascarried OUI in a I-cm 
pathlength cuvette with a glassy carbon measuring electrode and a 
AdAgCl reference [l&19]. The redox mcdiarors were 50 pM each of 
hrxamnlineruthenium chloride. 5-ethyl phenazinium cthosulphatc. 5- 
methyl phenotinium mcthosulphate. trimethyl-l,4-benzoquinone. di- 
nminodurenc. und I .4-naphthoquinonc-3.5-disulphonate. The rne- 
dium was 25 mM potassium phosphate, I mM EDTA. and 5 mM 
TRIS-I-ICI at pH 7.0. with 0.05% lauryl sarkosine and 30 units,ml- 
catalase. Solutions of sodium dithionite and potassium ferricyanide 
were used as titrants. 
Infra-red spectroscopy was performed with a single beam spcctro- 
photometer built in-house, incorporating a ruled grating (I micron 
blare; 600 lines/mm) and a photodiode detector (I cm’ active area) 
which was protected by appropriate optical filters. 
The same machinery was used for room-tempernlure flash photoly- 
sis of the carbon monoxide adduct. The flash jvas provided by a xenon 
Rashlamp (E.G. S; G. FXP852) connected to a IS ,uF, capacitor 
charged to 1000 V. i.e. 7.5 JIllash. The flash had a duration of 2 _frs 
at half maximal intensity. Two fibrc-optic bundles (I cm diameter) 
placed about 2,5 cm from the arc (length 3 mm) wcrc used to collect 
the light and guide it. perpendicular to the measuring beam, to oppo- 
site sides of a IO-mm measuring beam pathlcngth cuvutte. The optical 
pathlength of the actinic light was I cm or 0.3 cm, dependent on 
sample size. In order IO minimise flash arieracts, BG 3 and BG 3Y 
fillers were placed between the lamp and the fibrc-optic bundieb anil 
in this cast it was approximately 5% saturating for carbon monoxide 
photodissociation, The photomultipliur was protected with comple- 
mcntary filters (WG3G0, GG530, RG610, RG715 or 0X5495) as ap- 
propriate. 
3. RESULTS 
Difference spectra of reduced forms of cytochrome u 
vs. oxidized enzyme are shown in Fig, la. Spectrum A 
is a [dithionite reduced] rninlrs [oxidised] difference spec- 
trum. This spectrum shows an a-band peak in the 560 
nm region attributable to the ferrous low-spin hacm. 
The trough in the 640 nm region is due to a band of the 
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Fig. I. Spectra of cytochrome o in the visible and near ink-red. 
(a) Reduced minus oxidised difference spectra: A. [Reduced rrhrs 
oxidiscd] (-o-*-o); B. [Reduced ph CO] Mm [oxidised] (oo*r**); C. 
[Reduced [~irrs cyanide] lrrir~~rs [oxidised] (---). (b) [Reduced /J/M liyand] 
rr~i~r~ts [reduced] dilkrencc spectra; A. [Reduced plan CO] wihu.s re- 
duced] (as•e*); B. IReduced p/tr.s cyanide] rrrirrm [reduced] (---), The 
cu~!lLc contained 5.5 AIM cytochromc o in 0.03% laury] sarcosinc, 33 
mM potassium phosphate, 3.3 mM Tris-I-ICI and I .3 IIIM EDTA, pH 
7.0. The sample was reduced with a grain of dithionite, The CO- 
compound was formed by gently stirring Lhe sample under a CO 
atmosphere for at least 5 min. The cyanide compound was formed by 
the addkion of a pH-adjusted stock solution of potassium cyanide, lo 
a final concentration of I66 mM. Spectra were recorded at room 
iemncrnture and each spectrum is the average of IO scans. 
ferric high-spin haem (of the binuclear site) which is lost 
on reduction. In the near IR a feature is shown, inset, 
at enhanced gain with a peak at 758 nm (6 - 0.25 
mM-‘cm- .,*vs. 800 nm in the difference spectrum). 
The addltlon of carbon monoxide or cyanide to the 
reduced enzyme causes spectral changes in both the 
a-band and near IR regions (spectra B and C in Fig. la). 
The addition of CO causes a loss of the 738 nm absorp- 
tion and the appearance of a smaller absorbance with 
a peak in the region of 745 nm. The extinction coeffi- 
cient of the CO-compound at this wavelength isapprox. 
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0.05 mM-‘cm-’ at 750-700 nm. This CO-induced spec- 
trum is also apparent in the [reduced plus CO] t~~itws 
[reduced] difference spectrum shown in Fig. I b. trace A, 
where its presence causes the appearance of a trough 
and peak. The effect of cyanide is to bleach the 758 nm 
band (Fig, la, trace C) and this is also clearly seen in 
the [reduced phs cyanide] mittus lreduced] difference 
spectrum (Fig. 1 b, trace B). Some small unexplained 
features at 700-750 nm remain in the [reduced plus cya- 
nide] trtitws [oxidised] spectrum. 
Fig. 2 shows a flash-photolysis spectrum of the CO- 
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Fig. 2. Room temperature Rash photolysis oT the CO compound. Top: 
CO.photolysis pcelrum. 5.5 ms alter the Rash. Bottom: transient 
kinetics of room temperature ccombinntion of CO measured in (A) 
the near IR band at (760-(740+780)/2) nrn(50 averages per wavc- 
length); (Et) the visible region at (368-586) nm (10 averages per wavc- 
length). The photolysis pectrum was asscmblcd in sections (540-615 
nm. 610-7 I5 m, 700-700 nm, and 750-820 run) and each point is the 
average ol’eithcr IO (visible region) or 50 (near IR region) Rashes at 
that wavelength. The kinetic transients are both Rtted to a frrst order 
relaxation with a rate constant of46 s-l. The cuvettc ontained 2.2,~M 
cytochrome u in 50 mhI potassium phosphate, 2 mM EDTA, 0.1% 
Inuryl-maltosidc and 0.013% lauryl sarcosine at pH 7 and was reduced 
with a grain ofdithionite. The buffer was saturated with CO prior to 
addition cfenzyme and the spacr above the mixture waa a CO atmos- 
Wavelength (nm) 
Fig. 3. Spectra obtained during a redo: titration of cytcrchromc o.
Rcdox titrations were conducted under a nitrogen utmosphcreat room 
tcmpcrature. The reaction mixture is given in s&on 2. Cytochromc 
o was present at 8pM and the baseline was rcqordcd at Es = +27S mV. 
The spectra rc in the Et, sequence: 275.215,200.185,160,110,0 and 
-I I5 mV from the horizontal centrc line. Each spectrum is an average 
phere. of IO scans. 
compound of cytochromc otaken 5.5 ms after the flash, 
and at room temperature. The inset shows the near IR 
absorption changes at a IO-fold gain. The spectrum is 
the inverse of the CO-difference spectrum but the tneth- 
odology gives it a more reliable baseline. The flash- 
photolysis pectrum confirms all the features of the CO- 
difference spectrum, including the broad band in the 
640 nm region and the peak at around 760 nm. The 
apparent peak position of the near IR band is 758 nm 
in the [reduced] miters [oxidised] spectrum (Fig. la, trace 
A), but at slightly longer wavelength in the CO-differ- 
ence (Fig. lb, trace B) and CO-photolysis pectra (Fig. 
2). This is probably due to the underlying (negative) 
spectrum of the CO-compound in the latter cases. 
Progress curves of CO-recombination at room tem- 
perature, as monitored by the visible (568-586 nm) and 
near IR (760-0.5 x (740 -I- 780) nm) features, are shown 
in Fig. 2B. In both cases the relaxations are well fitted 
as first order processes with rate constants of 46 s-l, 
further indicating that the absorption changes arise 
from the same process. These kinetic parameters are the 
same for all features of the CO-photolysis spectrum. 
There have been a number of potentiometric studies 
on cytochrome o, but none have extended the observa- 
tions to the near IR region [1,4,20,21]. To check that the 
redox behaviour of the 758 nm band corresponds to 
that expected of the high-spin ferrous haern we con- 
ducted redox titrations of the 758 nm Peak and also 
monitored the absorbance changes at 640 nm and 564 
nm. The 640 nm change is attributed to high-spin ferric 
haem and the 564 nm band to low-spin ferrous haem 
[21 J. Spectra poised at different redox potentials, taken 
against an oxidised baseline, are shown in Fig. 3. The 
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potentiometric data indicate two redox transitions in all 
bands, at approx. 255 mV and I IO mV, The ratio of the 
absorption changes in each transition differs at each 
wavelength monitored. This is due to the anticoopera- 
tivity described in this system [4] and is further compli- 
cated by haem-haem interactions leading to spectral 
shifts and apparent extinction coefficient changes for 
transitions between different states [4,5.21], 
4. DISCUSSION 
The results how that the 758 nm band appears in the 
reduced form of the enzyme in the absence of exogenous 
ligands. The absorption is lost on ligation of CO or 
cyanide, both of which are ligands co high-spin ferrous 
haems and which bind in analogous ystems to form 
low-spin ligand complexes. The 758 nm band titrates 
potentiometrically (not shown) with similar midpoint 
potentials to the other haem features in the enzyme. The 
biphasic titration behaviour of all haem spectrum fea- 
tures arises from haem-haem interactions both in cyto- 
chrome o [4] and in cytochrome c oxidase [22]. The 
titration of the 758 nm band isopotentially with the 
other haem features (apparent E,,, values of approx. 
255 and 110 mv) further confirms tile association of this 
band with haem and eliminates Cu,, ($,, of approx. 320 
mV [4]) as a source of the signal. 
The wavelength maximum in the reduced minus oxi- 
dized spectrum (Fig. 1aA) is at 758 nm and has a half 
peak width of approx. 30 nm. The peak position is very 
close to those of the analogous features in deoxyMb and 
deoxyHb (761 and 759 nm at 298 K, [14,23.24], which 
also have linewidths of approx. 30 nm at room temper- 
ature. The band in cytoc!lrome o has an E of approx. 
0.25 mM-‘*cm-l in the difference spectrum (758 minus 
800 nm), which is also similar to deoxyMb and de- 
oxyHb. The ~760 nm band has been assigned as a 
charge transfer transition between the porphyrin R sys- 
tem and the ‘iron rs system’ (a,,(n)+d,,) [12,14] or to 
a d+,z+e,(zr*) transition [25]. Herein it is sufficient o 
describe it as a charge-transfer transition. 
The addition of CO and cyanide to deoxyMb or de- 
oxyHb causes the compound to go low-spin with conse- 
quent loss of the 760 nm band. Cyanide and CO ligation 
to ferrous cytochrome UC-+ also causes the haem a, to go 
low-spin [26], and we suggest hat this is also the case 
in cytochrome o. However, the detection of an absorb- 
ance at approx. 745 nm attributable to the CO-com- 
pound &,, approx. 0.05 mM-‘*cm-’ at 745-700 nm) is 
interesting and requires further investigation. Horse 
carboxyHb has bands at 630 nm (visible in cytochrome 
o as a trough in Fig. IbA), 720 nm and 800 nm which 
have been attributed to (d-d) transition of the low-spin 
compound [27]. The absorption of the cytochrome o- 
CO compound in the 745 nm region is possibly the 
equivalent o the carboxyHb 720 nm band. 
The near IR region of haemoproteins contains a 
170 
number of structurally and chemically sensitive transi- 
tions. The detection of such features in cytochrome o 
should provide a new sensitive probe for the binuclear 
centre and its envit,onment. 
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